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RFI SHIELDING EFFECTIVENESS OF 
STEEL SHEETS WITH PARTLY WELDED 
SEAMS 

1 INTRODUCTION 

Background 
Current specifications, largely unsupported by ex- 

perimental data, require weld seams in electromagnet- 
ically shielded facilities to be radiographically defect- 
free. These specifications have necessitated spending 
$1,000,000 for inspection and weld rework at SAFE- 
GUARD missile sites. In a study of the effect of weld 
defects on the shielding effectiveness of shielded en- 
closures containing welded seams, Carlson found that 
weld seams having weld defects under a critical size 
could provide adequate shielding effectiveness, and 
that repair of such seams was an unnecessary expense.1 

He suggested that (he effect of crack (or slot) width 
and length on shielding effectiveness be evaluated in a 
future study that would determine critical sizes for 
classes of defects and would investigate circumstances 
in which a flaw might act as a resonant antenna. 

sure, if incident radiation has wavelength X. and slot 
length is X/2, the slot can act as a resonant cavity of 
the first order. An Nth order cavity results from slots 
of length NX/2. It was hypothesized that anti-reso- 
nance might result from a slot of length X/4. Such a 
condition, if obtainable, could produce a sharp rise in 
shielding effectiveness as a function of slot length, con- 
trasting with the sharp drop produced by resonance. 
To test the resonance and anti-resonance concepts, 
some slot lengths were made equal to the resonant wave- 
lengths (even multiples of X/2), while others were made 
equal to odd multiples of X/4. The resonant slots can 
also be considered as waveguides for the fundamental 
transverse-electric (TE) rectangular waveguide mode, 
TEQI. The null index indicates a wave propagation 
through a slotlikc waveguide. 

Through-plate holes in resonant sizes were also 
desired. Since determination of resonant size for holes 
is mathematically more sophisticated than for slots, 
the holes were likened to circular waveguides, and cer- 
tain hole diameters were chosen for resonance in low- 
order transverse-electric (TE) and transverse-magnetic 
(TM) circular waveguide modes. 

Objective 

The objectives of this study were twofold; to deter- 
mine the effect of certain large welding defects on the 
shielding effectiveness of steel plates; and to determine 
the critical size below which cracks and porosity in 
welds do not degrade shielding effectiveness below 
specifications and are thus uneconomical to repair. 

Approach 

Welded steel panels containing through-thickness 
slots and holes of varying sizes in welds were tested 
for shielding effectivness in a high-quality shielded en- 
closure. These defects were considered as limiting, or 
worst, cases of cracks and porosity in welds. The tests 
for each panel covered a frequency range from 10 kHz 
to 9.5 GHz. Degradation of shielding effectiveness as a 
function of disturbance size and geometry was noted. 
Applying specifications for minimum shielding effec- 
tiveness as a function of frequency to these data pro- 
duced critical sizes for each of the aperture geometries. 

The slot lengths chosen were multiples of the quar- 
ter-wavelengths of the higher radio frequencies trans- 
mitted through the test panels into the shielded enclo- 

'K. W. Carlson, The Effect of Weld Defects on RFI Shield- 
ing Effectiveness, Technical Report M-43/AD773716 (Con- 
struction Engineering Rer«arch Laboratory [CERt], January 
1974). 

2 PROCEDURE 

Specimen Fabrication 

Each specimen was composed of two 11 -gage 
(approximately 1/8 in. or 0.32 cm thick), 8 in. x 24 
in. (20.32 cm x 60.96 cm), low-carbon steel panels 
butted together and gas-metal arc welded. Slot flaws 
were made by leaving an unwelded seam of the desired 
length in the central portion of the weld line (Figure 1). 
Contraction of the adjacent weld metal during cooling 
kept the contiguous unwelded edges of each specimen 
tightly butted. Welds were made in a single pass from 
the side of the panel that was intended to face the 
shielded enclosure. Full penetration welds were made, 
and excess weld metal was ground off. Each weld was 
radiographed to insure that no effective flaws except 
the implanted one existed. The side of the panel con- 
taining the weld crown was then flame-sprayed with tin 
to a thickness of about 0.01 in. (0.03 cm). This pro- 
vided a conducting interface between the panel and the 
shielded enclosure cover plate for effective attenuation 
of the Radio Frequency Interference (RFI) signal re- 
ceived in the enclosure from the external source. 

The first test series, butted plates (Figure 1), con- 
sisted of varying lengths of unwelded seam (Table I). 



Table 1 

Procedural DiU for Butted Plates 
(Test Serie» 1) 

Table 2 

Procedural Data for Slotted Plates (Test Series 2-Slots 
1/16 in. or 0.16 cm Wide) 

\ 
Specimen 

Calculated Calculated 
Test Slot Length, Resonant Frequency Specimen Test Slot Length, Resonant Frequency 

Number Order in. (cm) CTEoi Rectangular Mode) Number Order in. (cm) (TEQI Rectangular Mode) 

1 11 0.15 1 6 0.165 
( 0.38) ( 0.419) 

2 5 0.31 
( 0.79) 

10 GHz* 2 4 0.345 
( 0.876) 

9.09 GH*' 

3 1 0.59 
(  1.50) 

10 GHz 3 10 0.645 
(  1.638) 

9.09 GHz 

4 10 1.18 
( 3.00) 

10 GHz" 4 1 1.300 
( 3.302) 

2.27 GHz;* 9.09 GHz** 

5 4 2.07 
( 5.26) 

5 8 2.225 
( 5.652) 

6 3 2.36 
( 5.99) 

2.5 GHz 6 7 2.595 
( 6.591) 

2.27 GHz 

7 13 2.66 
( 6.76) 

7 9 2.915 
( 7.404) 

8 8 3.24 
( 8.23) 

8 3 3.545 
( 9.004) 

9 9 3.54 
( 8.99) 

9 5 3.885 
( 9.868) 

10 4.72 
(11.99) 

2.5 GHz" 10 2 5.170 
(13.132) 

2.27 GHz;** 568 MHz* 

11 14 9.44 
(23.98) 

11 13 10.405 
(26.429) 

568 MHz 

12 11.51 
(29.24) 

12 11 11.665 
(29.629) 

13 11.80 
(29.97) 

500 MHz 13 12 12.020 
(30.531) 

|4 12 12.10 
(30.73) •Anti-resonance 

••Second-order resonance 
*Anti-resonance 

••Second-order resonance 

To insure that no sprayed tin lay in the slots, concen- 
dated HC1 was dripped onto each slot. Since the re- 
action of tin and HCl creates H-, gas and a salt of tin 
and chlorine, the treatment was applied until no evolu- 
tion of H-) gas was noted. Seepage of HCl throughout 
each slot was noted. 

The second test series, slotted plates (Table 2), used 
the plates from the first series with l/16-in.(O.I6cm) 
wide slots (Figure 2) milled to the same length as the 
butted slot length tested in the first series. The third 
test series, wide-slot plates (Table 3), used the same 
plates with the three smallest slots widened to 3/16-in. 
(0.48 cm) (to keep the slot axis horizontal) and the 
rest to 1/2-in. (1.27 cm) (Figure 3). 

The fourth test series, backing-strip plates (Table 4), 
was fabricated similarly to the first series, with the ad- 
dition of backing strips. The strips were 2 in. x 13 in. 
(5.08 cm x 33.02 cm) and were tack-welded to the 

panels symmetrically about the weld flaw, on the side 
containing the weld root (Figure 4). The butted panel 
weld did not penetrate into the strip, thus providing a 
"worst case" configuration. Since the strip was short 
enough to fit inside the aperture of the shielded en- 
closure cover plate to which the specimen plate was 
bolted during testing, the backing strip was not sand- 
wiched between the test panels and the cover plate. 
The slots were covered with aluminum adhesive tape 
prior to flame spraying, to prevent tin from entering 
the slots. 

The fifth test series, slotted backing-strip plates 
(Table 5), used the plates of the fourth series with 
1/16-in. (0.16 cm) wide slots milled as in the second 
test series. Only the welded plates were slotted; the 
backing strips were not. 

The sixth test series, drilled plates (Table 6), con- 
sisted of single holes drilled through otherwise perfect 
welds (Figure 5) after flame spraying. 

... ■•.. ■   J-..;.««-.*,V ■•*».»- 
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Table 3 Table 4 
Procedural DaU for Wide-Slo« Plates Procedural Data for Backing-Strip Plates 

(Test Series 3) (Test Series 4) 

Slot Ülol Calculated Calculated 
Specimen Test Length, Width. Resonant Frequency Specimen Test Slot Length, Resonant Frequency 
Number Order in. (cm) in. (cm) (TEQI Rectangular Mode) Number Order in. (cm) (TEQI Rectangular Mode) 

1 11 0.165 
(0.419) 

3/16 
(0.48) 

1 10 0.15 
(  0.38) 

2 7 0.345 
(0.876) 

3/16 
(0.48) 

9.09 GIU^ 2 9 0.31 
( 0.79) 

10 GHz' 

3 12 0.645 
(1.638) 

3/16 
(0.48) 

9.09 GHz 3 7 0.59 
(  1.50) 

10 GHz 

4 5 1.300 
(3.302) 

1/2 
(1.27) 

2.27 (.Hz;* 9.09 GHz'* 4 2 1.18 
( 3.00) 

10 GHz** 

5 10 2.225 
(5.657; 

1/2 
(1.27) 

5 1 2.07 
( 5.26) 

6 8 2.595 
(6.591) 

1/2 
(1.27) 

2.27 GHz 6 5 2.36 
( 5.99) 

2.5 GHz 

7 1 2.915 
(7.404) 

1/2 
(1.27) 

7 8 2,66 
( 6.76) 

8 2 3.545 
(9.004) 

1/2 
(1.27) 

8 13 3.24 
( 8.23) 

9 6 3.885 
(9.868) 

1/2 
(1.27) 

9 4 3.54 
( 8.99) 

10 3 5.170 
(13.132) 

1/2 
(1.27) 

2.27 GHz;" 568 MHz' 10 12 4.72 
(11.99) 

2.5 GHz" 

11 9 10.405 
(26.429) 

1/2 
(1.27) 

568 MHz 11 6 9.44 
(23.98) 

12 4 11.665 
(29.629) 

1/2 
(1.27) 

12 11 11.51 
(29.24) 

13 13 12.020 
(30.531) 

1/2 
(1.27) 

13 3 11.80 
(29,97) 

500 MHz 

•Anti-resonance •Anti-resonance 
••Second-order resonance ••Second-order resonance 

Conduct of Tests 
Each lest panel was bolted over an aperture in the 

shielded enclosure (Figure 6), with RFI gasket material 
sandwiched between the panel perimeter and the enclo- 
sure. Figure 7 shows the transmitter side of a slotted 
plate bolted to the shielded enclosure cover plate; 
Figure 8 shows the enclosure side ot the same panel. 
Hardened steel bolts were used to compress the test 
plate and RFI gasket to the cover plate. The bolts were 
torqued to over 50 ft-lb (67.8 Nm) urn 1 no RF leakage 
through the gasket could be detected by an RF "sniffer," 
or leak detector. 

After bolting, the panels were illuminated by electro- 
magnetic waves of eight different frequencies in se- 
quence. The tests were made in accordance with Military 
Standard 2852 and Institute of Electric and Electronic 

Engineers Standard 2993; the attenuated signal re- 
ceived in the shielded enclosure was measured in deci- 
bels with respect to free space (uncovered aperture in 
the enclosure). The electric field vector was perpendic- 
ular to the slot axis of slotted test panels. Details of 
the test arrangement and equipment are presented in 
the previous study.4 Table 7 lists the test equipment 
used. 

A shielded septum divided the enclosure into two 
compartments, each roughly 10 ft (3.04 m) cubed. 
One compartment supported the test panel and con- 
tained the RF receiving antenna (Figure 9). The anten- 
na cable passed through the septum to the receiver in 
the other compartment. Testing personnel monitored 

Method of Attenuation Measurements for Enclosures, 
Electromagnetic Shielding, for Electronic Test Purposes, 
MIL-STD-285 (Department of" Defense, June 1956). 

Measurement of Shielding Effectiveness of High Perfor- 
mance Shielding Enclosures, IF.EF. Standard 299 (Institute of 
Electrical and Electronic F.npineers, 1969). 

4K. W. Carlson, The Effect of Weld Defects on RFI Shield- 
ing Effectiveness, Technical Report M43/AD773716 (CFRL, 
January 1974). 
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TableS 
Procedunl Dia for Slatted Backing-Strip PUtet 

(Test Series S -Slot« I /164n or . 16 cm Wide) 

Calculated 
Specimen    Teit     Slot Length,       Resonant Frequency 
Number    Order       in. (cm)      (TEQI Rectangular Mode) 

10 GHz* 

10 GHz 

10 GHz** 

2.5 GHz 

Table 6 
Procedural Data for Drilled Plates 

(Test Series 6) 

9 0.15 
( 0.38) 

6 0.31 
( 0.79) 

5 0.59 
(  1.50) 

2 1.18 
( 3.00) 

10 2.07 
( 5.26) 

6 7 2.36 
( 5.99) 

7 8 2.66 
( 6.76) 

8 11 3.24 
( 8.23) 

9 4 3.54 
( 8.99) 

10 13 4.72 
(11.99) 

11 12 9.44 
(23.98) 

12 1 11.51 
(29.24) 

13 3 11.80 
(29.97) 

*Anti-reso nance 
**Second-orde' resonance 

2.5 GHz** 

500 MHz 

the signals received in the second compartment, which 
was accessed by a shielded sliding door with a pneuma- 
tic shielding gasket. 

Experience over a number of projects has shown 
that a strong resonance in the first compartment of the 
shielded enclosure exists in the vicinity of 500 MHZ. 
Considering fields in a closed rectangular cavity does 
not explain this resonance. That theory predicts the 
first normal frequency, or (110) mode, to be 10 MHz 
for a 10-ft (3.04 m) cubed room. 

The three highest frequencies repor'ed in the pre- 
vious study5 were 500 MHz, 2.5 GHz, and 10 GHz. 
However, 2.5 GHz is the top of the Maxson oscillator's 
range, and the Narda oscillator is calibrated to only 9.8 
GHz (Table 7). Thus the signal at 2.5 GHz was shifted 

Calculated 
Circular Mode 

Specimen Test Hole Diameter, Resonant at 
Number Order in. (cm) 9.09 GHz 

1 1 1/8 
(0.32) 

3 1/4 
(0.64) 

5 1/2 
(1.27) 

2 49/64 
(1.96) 

TEn 

4 1 
(2.54) 

TMoi 

6 1 17/64 
(3.22) 

TE21 

7 1 19/32 
(4.06) 

TMn 

5 K. W. Carlson, The Effect of Weld Defects on RFI Shield- 
ing Effectiveness, Technical Report M-43/AD773716 (CF.RL, 
January 1974). 

to 2.27 GHz, the signal at 500 MHz was raised to 568 
MHz (2.27 GHZ + 4), and the 10 GHz signal was 
lowered to 9.09 GHZ (2.Z7 GHz x 4) to fit within the 
instruments' calibrated ranges. Specimen fabrication 
and testing was initiated on the basis of information in 
the previous study (with the signal at 10 GHz shifted 
to 9.5 GHz to accommodate the Narda) before this 
equipment limitation was fully realized.Consequently, 
the early tests were performed at the old top frequen- 
cies, while later tests were performed at the new fre- 
quencies. Although Tables 1 through 6 are arranged 
logically according to the flaw character of their data, 
the tests were performed in an experimentally conveni- 
ent order: consequently, "early tests" refers to the 
actual test performance order rather than the test 
series number. 

3 RESULTS AND AMALYSIS 

All results are stated in decibels with respect to free 
space measurements made without a test panel over the 
aperture of the shielded enclosure. The electric field 
vector was propagated prependicular to the axis of 
welds and slots in the test panels to achieve the greatest 
discontinuity in the current flow in the test panels. 
This was expected to cause slots to be strong re-radia- 
tors of signals, thus constituting a worst case of slot 
axis orientation with respect to electric field vector. 
For sufficiently small apertures (flaws) the recorded 
shielding effectiveness was at the top of the receiver's 

10 
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Table 7 
Equipment Used for Shielding Effectiveness Measurements 

Dynamic 
Range Antenna 

Fiequency      (dB) Separation Equipment Used 

10 kHz 116 2 ft (.61m)    Hewlett Packard 2021) Signal (iencratut 
40 kHz 117 MB l.lectronics 2250 Power Amplifier 

CTRL Loop Antenna (radiating) 
Sloddard NM-12AT Held Intensity Meier 
Empire LP-105 Loop Antenna (rcccivinx) 
Sing« 500 Shielded Enclosure Leak 

Detector 

200 kHz 108 2 ft (.61m)    Hewlett Packard 606 Signal Generator 
Electronic Navigation Industries 310L 

Amplifier 
CERL Matched Loop Antenna (radiating) 
Stoddard NM-12AT Held Intensity Meter 
Empire LM-105 Loop Antenna (receiving) 

1 MHz 104 2 ft (.61m)    Hewlett Packard 606 Signal Generator 
30 MHz 103 Electronic Navigation Industries 310L 

Amplifier 
CERL Matched Loop Antennas (radiating) 
Empire NF105 Field Intensity Meter, 

TA Tuning Head 
Empire LP-10S Loop Antenna (receiving) 
Hewlett Packard 3SSD Attenuator 
Hewlett Packard 3SSC Attenuator 

SOG MHz 103 2m Maxson 1141A Power Oscillator 
568 MHz 103 CERL Dipole Antenna (radiating) 

Empire NF10S Field Intensity Meter, 
T-3 Tuning Head 

Empire DM-10S T3 Dipole Antenna 
(receiving) 

2.27 GHz 121 18 in. (.46 m) Maxson 1141A Power Oscillator 
2.5 GHz 144 S-Band Waveguide (radiating) 

Polatad RS-T Receiver 
S-Band Horn 
PRD Electronics 1211 Isolator 

9.09 GHz 115 12 in. (.30 m) Narda 18S00B RF Power Pulser 
9.5 GH* 111 X-Band Waveguide (radiating) 

Polarad RX-T Receiver 
X-Band Horn (receiving) 
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dynamic raupe. Ciinscqucnlly. ihc actual shielding ef- 
fecltveness ol the Haw may have been greater than 
recorded. The dynamic range of instrumentation and 
specified minimum shielding effectiveness are shown as 
functions of frequency in Higure 10. (The dynamic 
range is also the shielding effectiveness at /.cm flaw 
si/.e, shown in the remaining figures.) The dynamic 
range was at least 24 dB above the specified minimum 
shielding effectiveness. 

Shielding effectiveness data for a sound weld arc 
also shown in Figure 10. These data are below the dy- 
namic range only at the extreme frequencies, 10 kHz 
and 9 GHz, and are always over 100 dB shielding ef- 
fectiveness. Carlson's data6 for a sound weld are also 
shown in the figure. Those data are at the dynamic 
range stated in the Carlson report for almost all the lest 
frequencies. Moreover, those data are in general higher 
than the data obtained in this study, due to the greater 
dynamic range obtained in Carlson's work. Why the 
ranges differ is uncertain. 

The data for each test series are divided into two 
groups by frequency to simplify graphing. Figures 11 
and 12 present shielding data for butted plates. The 
data are somewhat paired: 10 and 40 kHz, 200 kHz 
and I MHz, 30 and 500 MHz, and 2.5 and 9.5 GHz. 
The data as functions of frequency are generally not 
monotonic, but have many extrema. Table I and 
Figure 12 show that none of the calculated resonances 
and anti-resonances were observed. The data for 200 
kHz and higher frequencies are virtually constant for 
slot lengths less than about 3.5 in. (8.89 cm), indicating 
that the actual shielding effectivenesses of such small 
flaws exceeded the instrumentation's dynamic range. 
Three transition flaw sizes can be determined for the 
three minimum specified shielding effectiveness levels 
and associated frequency ranges presented in Figure 10. 
Table 8 presents these transition flaw sizes and the fre- 
quencies at which they were noted. 

One may suppose that the more tightly butted 
plates will have better conductivity and permeability 
across the slot width than those that are less tightly 
butted. This tightness was an uncontrolled fabrication 
factor, which may account for some of the extrema 
observed. However, this effect can be considered in- 
fluential only when alt the shielding data at a given 
slot length rise or fall sharply, reflecting a respective 

tightness or looseness id the loinl relative to iliat ol 
adjacent slot lengths. I his is based on the ubservaiinn 
that a lightly butted sloi will shield better than a 
loosely bulled one, regardless of the frequency. The 
frequency-independent drop in shielding effectiveness 
at a slot length of 4.7 in. (11.94 cm) observed in 
Figures 1 I and 12 may be due to the joint tightness 
factor. 

Also shown in Figures I I and 12 arc Carlson's data 
on gaplcss. unwclded segments of 1-, 4-, and 12-in. 
(1.27-, 10.16-, and 30.4K cm) lengths, his specimens 
P-l, P-2, and P-3, respectively. Those data are well im- 
bedded in the data obtained in this study and are some- 
what similarly paired by frequency. Agreement be- 
tween the two sets of data is tolerable at 10 kHz, 200 
kHz, and 1 MH/, but is generally not good at other 
frequencies. 

Figures 13 and 14 present shielding data for slotted 
plates. The data in Figure 13 show a strong trend of de- 
creasing shielding effectiveness with increasing slot 
length. The data are very closely grouped, indicating a 
distinct insensitivity of shielding to frequency. The 
data of 30 and 568 MHz generally run with the lower 
frequency data. However, the data at 2.27 and 9.09 
GHz form a band separate from the other data. First- 
order lesonances at 9.09 and 2.27 GHz were observed 
at the calculated resonant slot lengths of ~0.6 in. 
(1.52 cm) and ~ 2.6 in. (5,16 cm), respectively, as evi- 
denced by the sharp drops in shielding effectiveness at 
those slot length-frequency combinations (Table 2 and 
Figure 14). The slight dip at 10.4 in. (26.42 cm) and 
568 MHz may also be due to a first-order resonance. 
No second-order resonances or anti-resonances were 
observed. None of the data in Figures 13 and 14 ex- 
ceeded the dynamic range. The three transition flaw 
sizes are reported in Table 8. The effect of slots in the 
GHz range has been discussed by Jarva.7 

Data for the Carlson specimen P-4 with a slot 1 in. 
(2.54cm) long by 0.06 in. (.15 cm) wide are also re- 
ported in Figures 13 and 14. These data agree with 
the data obtained in this study except at the two high- 
est frequencies. Since 1 in. (2.54 cm) is not a first-order 
resonance for either 2.5 or 10 GHz, the shielding data 
from Carlson's specimen should be better than the 
near-resonant data at 2.27 and 0.09 GHz. 

"K. W Carlson, The Effect of Weld Defects on RFI Shield- 
ing Effectiveness. Technical Report M-43/An773716 (CT.RL, 
January 1974), 

'W. Jarva, "Shiclitint; Tests for Cables and Small I nclosurcs 
in the 1- to U)-GH? Ranuc," IEEE Trans. Eleclrmmswtk 
Compatibility. Vol I 2, No. 1 (1970). pp I : 24 
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Flaw Type 

Table 8 
Transition Flaw Sizes for Various Test Cieometries 

Transition Flaw Size by Shielding Level 

70dB (< 200kHz)   80dB (200kHz < 3 GHz)        60dB(>3(;Hz) 

Butted Plate- 

Slotted Plate 

Wide-Slot Plate 

Backinp-Strip Plate 

Slotted Hacking-Strip Plate 

Drilled Plate 

4.7 in, w 10 kHz 
(11.94 cm) 

1.9in>; 10 kHz 
(4.83 cm) 

1.3 in.'" 10 kHz 
(3.30 cm) 

4.7 in. r«' 10 kHz 
(11.94 cm) 

2 in. f"'40 kHz 
(5.08 cm) 

1 in.(" 10 kHz 
(2.54 cm) 

9.4^.^ I MHz 
(23.88 cm) 

0.6in> ~2(;ilz 
(1.52 cm) 

0.4in. f" ~2(illz 
(1.02 cm) 

4.4 in. f"1 ~2 GHz 
(11.18cm) 

0.3 in. f" 1 MHz & 2 GHz 
(0.76 cm) 

0.3 in. ("^2 GHz. 
(0.76 cm) 

4.7 in. * ~9GH/. 
(11.94 cm) 

0.3 in.'" ~9(;ilz 
(0.76 cm) 

0.4 in.* ~9(;ilz 
(1.02 cm) 

4.7 in. & ~9 GHz 
(11.94 cm) 

0.3 in. <"' ~9 GHz. 
(0.76 cm) 

0.3 in. f" ~9(;Hz 
(0.76 cm) 

Shielding data for wide-slot plates are shown in 
Figures 15 and 16. The three lowest frequencies in 
Figure 15 form a very narrow band; the fourth fits 
well among them except at one point. In Figure 16, 
the data fall into two bands by frequency. Using Table 
3 with Figure 16 shows that the data for 2.27 and 9.09 
GHz fall rapidly until their first resonant slot lengths 
are reached. Thereafter, the data vary little. Data at 
lower frequencies display the expected decrease in 
shielding with increasing slot length. The three tran- 
sition flaw sizes are recorded in Table 8. No second- 
order resonances or anti-resonances were observed. 

Shielding data for the backing-strip plates are pre- 
sented in Figures 17 and 18. The data in Figure 17 fall 
into a band somewhat broader than observed at these 
frequencies for other test series. Data for 200 kHz and 
1 MHz are at the dynamic range for slot lengths up to 
3.6 in. (9.14 cm). In Figure 18, the data at 30 and 568 
MHz are almost entirely independent of slot length, 
while the data at 2.27 and 9.09 GHz are grouped into a 
generally narrow band. Both frequencies in this band 
drop sharply at a slot length of 0.15 in. (0.38 cm); 
this is about one-fourth the size calculated for first- 
order resonance. Since the actual two highest frequen- 
cies differed from those for which the resonant slot 
lengths had been designed, no resonances were ob- 
served. The three transition flaw sizes are given in 
Table 8. 

Figures 19 and 20 show the shielding data for the 
slotted backing-strip plates. The data in Figure 19 form 
a well-defined band, while the data in Figure 20 form 

two bands by frequency. The data at 30 and 568 MHz 
are at the dynamic range for slot lengths up to 1.2 in. 
(3.09 cm). The data for the top two frequencies drop 
quickly with increasing slot lengths, but the slot length 
at minimum shielding effectiveness does not agree with 
calculated values. The three transition flaw sizes ate 
shown in Table 8. 

Shielding data for drilled plates are presented in 
Figures 21 and 22. The data in Figure 21 form a single 
band, while the data in Figure 22 form two bands. The 
data at 30 and 568 MHz are at the dynamic range for 
hole diameters up to Vi in. (1.27 cm). The data for 2.27 
and 9.09 GHz are near the dynamic range for hole 
diameters up to 1/8 in. (0.32 cm); the data fall as the 
diameter increases beyond 1/8 in. (0.32 cm). Table 6 
and Figure 22 show that the shielding is very low for 
the first four resonant modes at 9.09 GHz. The effect 
of holes in the GHz range has also been discussed by 
Jarva.8 The three transition flaw sizes are shown in 
Table 8. 

Data from Carlson's "drilled plate" specimen having 
a 1/16 in. (0.16 cm) diameter hole are given also in 
Figures 21 and 22. Those data agree fairly well with 
the data obtained in this study. 

Data from Figures 11 through 16 can be compared 
by progression of defect width. Tightly butted plates 

W. larva, "Shicldinj: Tests tor Cables and Small Indosures 
in the 1- to 10-GHz Ranpe," IHEh Trans. Klectmmgnvtk 
Compatibility. Vol 12. No. I (1970). pp 12-24. 
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jFigures II ;irul I_) hail inuletüctahle resonance;Iheir 
ilalu generally fell in a broad band. Plates with a nar- 
row diseoniinuity (Figures 13 and 14) displayed rc- 
sonaneos; their data tell into a fairly narrow band. As 
expected, plates with wide discontinuities (Figures 15 
and 16) generally had lower shielding elTectiveness at a 
given slot length than those with narrow slots. However, 
some wide slots did have greater shielding elTectiveness 
than some narrow slots of the same length. 

The effect of a tacked backing strip is mixed. Tran- 
sition (law si/e was not significantly affected below 
200 kHz or above 3 GHz. However, use of backing 
strips halved the transition flaw size in the 200 kHz-3 
(iH/ range (Table 8). The gap between the backing 
strip and plate may have produced a resonant condi- 
tion at these intermediate frequencies. 

4 CONCLUSIONS AND 
RECOMMENDATIONS 

Conclusions 
The data obtained in this study and the Carlson 

study show that sound welds have a shielding effective- 
ness far above the minimum specified levels. 

Plates having unwelded but tightly butted seams 
over a moderate length still have very good shielding 
effectiveness. Lengths up to 4.7 in. (11.94 cm) pro- 
vided at least 60 dB shielding at all test frequencies. 
While these defects do allow some radiation to pass, 
they are inpapable of resonant radiation due to the 
high quality of electrical conductivity afforded by the 
tight butting. When the seam forms a slot of finite but 
small width, resonant radiation is observed, and shield- 
ing is seriously degraded at key combinations of fre- 
quency and slot length. Shielding to 60 dB for slot 
flaws can be assured only for flaw lengths under 0.3 in. 
(0.76 cm). Increasing slot width at a fixed slot length 
and radiation frequency does not necessarily degrade 
the shielding; it may improve. The general increase in 
aperture area tends to obscure resonance as slot width 
increases. Thus, tight cracks or other forms of one- 
dimensional weld defects will not compromise the 
shielding effectiveness to less than 60 dB if the defect 
does not exceed 4!4 in.(11.43 cm). 

Backing strips placed over scams with unwelded 
lengths have little effect below 200 kHz and above 3 
GHz. Between 200 kHz and 3 GHz, backing strips may 
halve the tolerable defect length. 

Plates having holes as large as 0.3 in. (0.76cm) can 
still afford at least 60 dB shielding at all test frequencies. 
Larger holes can also assure good shielding al selected 
frequencies. Thus, porosity or other spheroidal weld 
defects will not compromise shielding effectiveness to 
less than 60 dB if the defect's major dimension in the 
plane of the plate docs not exceed 0.3 in. (0.76 cm). 

No sharp increases in shielding effectiveness were 
observed at those slot lengths for which anti-resonance 
was predicted. Consequently, it is doubtful that such a 
phenomenon occurs. No second-order resonance was 
observed. 

Figures 12 and IH show that very high shielding ef- 
fectiveness existed at 300 ~ 500 MHz over a broad 
range of butted plate defect lengths. The shape of the 
shielded enclosure used may have permitted the high 
shielding effectiveness over this frequency range. If so. 
it may be possible to design a shielded enclosure that 
offers high shielding effectiveness due to Hs geometrical 
character. Schulz and his associates9 have attributed 
resonance in the 5 to 200 kHz range in typical shielding 
enclosures to a difference in phase retardation between 
a path through the shielding material and a path 
through seams. Schulz also observed that seam effects 
are negligible below 5 kHz. significant between 50 kHz 
and 5 MHz, and predominant (along with cavity 
resonance and material configuration) above 5 MHz.10 

Recommendations 

Shielding specifications should be changed to incor- 
puiate the technical aspects of this report and should 
permit acceptance of welds that have been visually in- 
spected and found to contain no flaws in excess of the 
critical flaw sizes. Table 8 can be used to establish in- 
spection and acceptance criteria for SAFEGUARD- 
type facilities. 

The apertures affording tolerable shielding effective- 
ness were all easily detected visually. Hence, welds 
need only be visually inspected; radiographic or mag- 
netic particle inspection is not necessary. Porosity that 
is not open to the surface need not be a concen1 

R. U. Schulz. V, C. I'lantz. and l>. R. Brush, "l.nw-l rc- 
quency Shielding Resonance," fEEE Trans Ekciromagnetk 
Compatibility. Vol 10. No. 1 (1968). pp 7-15. 

I0R. B. Schulz. G. C. Huanp. and W. 1. Williams. "R1 
Shieldinj; Resign,"/fc'fcTt Trans. Flcctroinaxnctk Compatahilitv. 
Vol 10, No, 1 (1968). pp 168-175. 
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DiK- in ihc siront; shielding cl'lcclivcness encnun- 
Icicd in lite iiciglihorlmod ol 500 MH/, ct't'ort should 
be nuide in develop design principles for shielded en- 
closure shapes thai olier high shielding elTcctivencss. 

Mcamrerm-ni uj StiieUing l-.jjcviivciww <ij High I'n 
fomtancc Shielding  Enclosures,   II.I I   Siaiulaiil 
299 (Institute of Klectrical and l.leclriuiic In^l- 
neers, 1969). 
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a. Shielded enclosure side 

b. Transmitter side 

Figure I. Butted plate with 1 -.1 -in. <30.73 cm) slot length. 
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Figure 2. Slotted plate with slot l>44 in. (23.98 cm) long and 1/16 in. (0.16 cm) wide-
shielded enclosure side. 

Figure 3. Wide-slot plate with slot 3.54 in. (8.99 cm) long and 1/2 in. (1.27 cm) wide-
shielded enclosure side. 
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a. Shielded enclosure side 

b. Transmitter side showing tacked backing strip 

Figure 4. Backing-strip plate with 3.54-in. (8.99 cm) long slot. 
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Figure S. Drilled plates shielded enclosure sides. Hole diameters are 1 17/64 in. (3.22 cm) 
{left) and 1/4 in. (0.64 cm) (right). 

Figure 6, Shielded enclosure with cover plate over test panel and door into one of two 
compartuients. 

19 
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Figure 7. Transmitter side nl test panel bolted over aperture ol'sliieMed enclosure. 

Figure S. View ol same panel from within the shielded ciielosure. 

20 



Figure 9. Receiving antenna positioned before lest panel. Shielded septum (right) passes 
antenna cable to receiver in adjacent compartment. 
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Figure 11. Shielding elYectiveness vs slot length for butted plates   10 kHz to 1 MHz. 
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Figure 13. Shielding effectiveness vs slot length for slotted plates   10 kHz to 1 MM/. 
Slot width is 1/16 in. (0.16 cm);Carlson slot width is 0.06 in. (0.15 cm). 
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Figure 14. Shielding effectiveness vs slot length for slotted plates-30 MHz to 10 GHz. 
Slot width is 1/16 in. (0.16 cm);Carlson slot width is 0.06 in. (0.15 cm). 
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Figure 15. Shielding effectiveness vs slot length for wide-slot plates 10 kHz to 1 MHz. 
Slot widths are 3/16 in. (0.48 cm) for slot lengths under 1 in. (2.54 cm); other 
slot widths are 1/2 in. (1.27 cm). 
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Figure 16. Shielding effectiveness vs slot length for wide-slot plates-30 MHz to 9.09 GHz. 
Slot widths are 3/16 in. (0.48 cm) foi slot lengths under 1 in. (2.54 cm); other 
slot widths are 1/2 in. (1.27 cm). 

m ■ 

i 24 

.Ä-rtotiuiiiäiiii^kiiif'^ii'-"■■•''""' ' 



^^WHHWgfft.K.*iV.;   w>**m,>:&;iimim\^iilim**r> 

SLOT LENGTH (cm) 

(A 
W 
Ui 

Ü 
UI 
ll. 
b. 

S 
-i 
Ui 
z 
(A 

SLOT   LENGTH  (inches) 

Figure 17. Shielding effectiveness vs slot length for backing-strip plates-10 kHz to 1 MH/. 

(0 ISO 
V) 

z 
IfJ (25 

UJ 100 
u. 
u. 

A 

S 
Ui 

75 - 

50 

r   i   i   | ■ r 

SLOT  LENGTH (cm) 

10 15 20 
t   i    i    i    [    i    i    I    I   |' 

25 30 
I    I   '—'    '    '    I    '    i 

z 
V) 25 - 

A-30 MHZ 
*- 568 MHZ 

■^ 2.27 GHZ 
♦-9.09GHZ 

■      ■     '     '      ■      '     '     ■ I      I     I I i I L_J I I l_J—I 1 1 L 
I 2 3 4 5 6 7 8 9 10 II 12 13 

SLOT   LENGTH  (inches) 

Figure 18. Shielding effectiveness vs slot length for backing-strip plates - 30 MHz to 
9.09 GHz. 
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Figure 19. Shielding effectiveness vs slot length for slotted backing-strip plates-10 kHz 
to 1 MHz. Slots are 1/16 in. (0.16 cm) wide. 
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